Introduction
The unique shape memory effect (SME) and superelasticity (SE) coupled with excellent corrosion resistance and biocompatibility make the equiatomic NiTi alloy desirable for biomedical applications. The SME, which is a thermally-induced effect, refers to the ability of a deformed NiTi to return to its pre-deformed shape upon heating. This characteristic is desirable for making bone staples to fasten fractured bones [1] . The SE, which is a stress-induced effect, refers to the ability to recover a large amount of strain (up to 8%) in an elastic manner when stress is released. This characteristic is highly desirable for making cardiovascular stents and dental arch wires [1] . Both the SME and SE are the consequences of diffusionless phase transformation between the austenite and martensite phases.
Fatigue fracture is one of the major concerns for the NiTi medical and dental implants. Fatiguerelated mechanisms have been reported to be responsible for majority of mechanical failures of implantable medical metallic components [2] . Fatigue fracture can also be assisted by different types of corrosion, such as anodic dissolution or hydrogen embrittlement. The cracking of materials under the synergistic effects of cyclic loadings and corrosion is called corrosion fatigue. Corrosion fatigue can cause the medical and dental implants to fail prematurely. Considering a NiTi stent as an example, it is inevitably exposed to cyclic stresses/strains and may suffer from fatigue in the in vivo physiological environment. Premature fracture of the NiTi stent due to corrosive fatigue is highly dangerous, in addition to releasing toxic Ni ions into the surrounding tissue. It is reported that 4.5-8 % of the general population is hypersensitive to Ni [3, 4] . Release of the Ni ions can lead to up-regulation of inflammatory mediators and promote in-stent restenosis [5] .
The protection of NiTi surface against anodic corrosion or hydrogen embrittlement relies heavily on the surface oxide film which is principally amorphous TiO 2 with small amounts of Ti suboxides (TiO and Ti 2 O 3 ) and Ni oxidized species [6] . It acts as a strong barrier to protect the NiTi surface from the corrosive species (e.g. Cl − ) or hydrogen ingress in Hanks' solution. Furthermore, it is known that the characteristics of the oxide film on NiTi can be significantly altered by fabrication
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3 process [7] . Such changes can be either beneficial or harmful to NiTi depending on the type of process and processing conditions.
A commercial method to fabricate the NiTi stent is by laser cutting a pattern from a NiTi sheet, rolling it up and welding at specific strut locations [8] . The welded structure of the strut is liable to the corrosion fatigue because of the following: (i) changes of surface oxide film characteristics, (ii) presence of surface irregularities and welding defects (i.e. acting as crack initiation sites of fatigue) and
(iii) susceptibility to galvanic corrosion due to the microstructural and composition differences or inhomogeneity in the weld zone (WZ), heat-affected zone (HAZ) and base metal (BM). However, existing studies in literature focus mainly on either corrosion or fatigue of the NiTi alloy. The first representative study on the mechanical fatigue properties of laser-welded NiT wires was done by Yan et al. [9] . They studied the mechanical fatigue using bending rotation fatigue (BRF) method. They also investigated the effect of post-weld heat-treatment on the mechanical fatigue in their subsequent study [10] . Chan et al. [11] reported the fatigue fracture mechanisms of NiTi laser joints when subject to small strain in BRF. Panton et al. [12, 13] investigated the thermomechanical fatigue properties of laser-welded and post-weld heat-treated NiTi wires using a custom design setup. On the other hand,
Yan et al. [14, 15] studied the corrosion properties of laser-welded NiTi wires in 0.9 % NaCl solution and Hanks' solution at different pH values, in addition to their work on mechanical fatigue. Chan et al.
[6] investigated the corrosion properties of post-weld heat-treated NiTi laser joints in Hanks' solution.
Mirshekari et al. [16] studied the effect of laser welding on the microstructure and corrosion resistance of NiTi wires in Ringer's solution. Pequegnat et al. [17] characterised the surfaces of laser processed NiTi alloys and reported their corrosion and Ni ion release performance in phosphate buffered saline (PBS) solution.
It is the first time to report on the corrosion fatigue behaviour of NiTi alloy and its weldment in 
Laser Welding Experiment
The materials used were commercial Ti-55.91 wt % NiTi wires with diameter of 0.5 mm (procured from Johnson Matthey Noble Metals). The laser-welded sample was prepared by laser welding two NiTi wires using a SPI continuous wave (CW) fiber laser (SPI Lasers UK Ltd, UK). The wavelength of laser is 1091 nm. The wire surface was ground by a series of sandpapers up to 600 grit before laser welding. The laser processing parameters were determined from a previous optimization study [18] . The laser power was 72 W, welding time was 115 ms, and focus position was at the surface (+ 0 mm defocusing). The laser welding experiments were conducted in Ar shielding environment with the flow rate of 25 L/min. The characteristics for BM and WZ in the NiTi laser joints obtained in previous studies [6, 11, 18] are summarised in Table 1 .
Setup of Corrosion Fatigue Test in Hanks' Solution
The fatigue life of the as-received and laser-welded wire samples was measured using a specifically-designed test rig based on the concept of bending rotation fatigue (BRF) test. Interested readers are referred to [11] for design of the test rig and details of the BRF test. The key parameters of the BRF test, such as rotational speed and surface strain were controlled at 100 rpm (or 1.67 Hz) and 0.42 % respectively. To mimic the human body conditions, a fixed portion of the bended wire sample was immersed in a corrosion cell filled with 250 mL of Hanks' solution during the BRF test. The
Hanks' solution was continuously pumped from a container immersed in a temperature-controlled water bath kept at 37. mechanically ground using sandpapers up to 2400 grit, and then ultrasonically degreased and cleaned by acetone and distilled water for 10 min respectively. The surface area of the wire sample exposed to
Hanks' solution was controlled at 0.5 cm 2 . The samples tested in air were used as control for comparison. The fracture surfaces after the corrosion fatigue test were captured using scanning electron microscope (SEM, Model JSM-6490, JEOL).
Monitoring of Corrosion Resistance during Corrosion Fatigue Test
The corrosion resistance of the as-received and laser-welded samples during the corrosion fatigue test was monitored by electrochemical impedance spectroscopy (EIS). The EIS measurements were carried out by means of a frequency response detector coupled to the PAR 273A potentiostat. A standard calomel electrode (SCE) was used as the reference electrode and a platinum wire gauze was used as the counter electrode. The EIS data were collected at different measurement time points, namely 1h, 8h, 24h, 48h, 72h, 96h and 120h. During each measurement, a sine wave of 10 mV in amplitude was applied to the wire sample at open-circuit potential (OCP). The impedance spectra were acquired in the frequency range from 100 kHz to 1 mHz. The EIS data were fitted to an equivalent circuit using the software ZSimpWin.
Results and Discussion
Fatigue Life Measurement in Air and Hanks' Solution
The fatigue life of the as-received and laser-welded samples tested by BRF in air and Hanks' solution are presented in Fig. 1 . The error bars indicate the standard deviation of the mean (number of samples = 5). As observed in Fig. 1 , the fatigue life of the as-received sample tested in air is longer than that tested in Hanks' solution. However, the difference is not significant given that Fig. 2 (a-d) shows the fracture surfaces of the as-received and laser-welded samples after tested by BRF in Hanks' solution. As observed in the figures, numerous micro-cracks appeared in the fracture surfaces of the as-received ( Fig. 2 (a-b) ) and laser-welded samples (Fig. 2 (c-d) ). Such micro-cracks are absent from the samples (both as-received and laser-welded) tested in air (refers to [11] ). In addition, striations (i.e. standard signs of fatigue fracture) can be observed from the laser-welded sample tested in Hanks' solution ( Fig. 2d ). SEM fractography analysis indicates that the fracture surfaces of the asreceived and laser-welded samples are free from corrosion pits (i.e. signs of anodic corrosion), but with the presence of micro-cracks (i.e. signs of environmental attack by hydrogen). This points to the fact the reduction of fatigue life is attributable to the damage associated with hydrogen embrittlement rather than anodic dissolution. Taking the results of the fatigue life measurements into consideration, NiTi wire is also affected by hydrogen embrittlement in Hanks' solution when subjected to fatigue loads/strains, but the effect is not as significant as that after laser welding. should be noted that the capacitor is not ideal and behaves like a constant phase elements (CPE). The reciprocal capacitance of the oxide film is proportional to the film thickness [19] . The Randles circuit is shown in the inset of Fig. 3 . Table 2 shows the values of fitted parameters of the equivalent circuit for the as-received and laser-welded samples using ZSimpWin.
Fracture Surface Analysis by SEM
Oxide Film Monitoring in Hanks' Solution by EIS
The 
Repassivation of Oxide Film and Hydrogen Ingress in Hanks' Solution
When NiTi reacts with aqueous solution at OCP, a nanometer thick oxide film which is principally amorphous TiO 2 immediately forms on the surface [6] . The cyclic tensile-compressive bending actions during the BRF tests cause repetitive rupture and repassivation of the oxide film.
Rupture of the oxide film exposes the bare metal to the electrolyte, but shortly after this, repassivation takes place and repairs the ruptured film. The repassivation process involves generation of hydrogen ions. In the subsequent reduction, the hydrogen ions will transform into hydrogen atoms and molecules which are the main source to initiate the hydrogen embrittlement in metal. The mechanisms for the hydrogen embrittlement in NiTi are schematically explained in Fig. 4 . It is important to note that the hydrogen barrier properties of the oxide depend on the oxide composition and integrity. The composition of oxide film of NiTi can be altered by Hanks' solution as explained below.
Firstly, the regenerated oxide film can react with hydrogen during repassivation. Hydrogen absorption in the oxide film can induce a change in the oxide composition (i.e. TiO 2  TiOOH). The redox transformations, namely Ti (IV)  Ti (III), within the oxide film can lead to the increase in the film conductivity [20] . In addition, the presence of Ti(III) in the film in forms of either TiOOH or Ti 2 O 3 suboxides makes the oxide film not as stable and protective as the Ti (IV), i.e. TiO 2 . Ti (III) species are generally considered as defects in the passive film [21] . The hydrogen atoms can enter the metal through the conductive and defective pathways in the oxide. Secondly, the repassivation of Ti in Hanks' solution is reported to be more sluggish than that in saline [22] , which in turn indicates that the oxide film has more time to react with hydrogen to form TiOOH during the film healing process, rendering the oxide film less resistant to hydrogen ingress. Finally, the regenerated oxide film can also
react with the Ca and P ions in Hanks' solution to form calcium phosphate or calcium titanium phosphate in the outermost layer [22] . It has been reported that such Ca or P containing layer is not an effective anticorrosion layer [23] .
It is worthy to note that the fracture occurred in the WZ, not HAZ even though HAZ has larger grain size, i.e. smaller grain-boundary area due to larger grain size enhances the uptake of cathodic hydrogen atoms [24] . This can be attributed to the presence of welding defects in the WZ, such as porosities [11] . The cathodic atomic hydrogen can diffuse through the WZ surface and reach the porosities to form molecular hydrogen. High local pressure can be built up inside the pores and burst the pores to result in brittle fracture.
The differences in fatigue life of the samples tested in air and Hanks' solution can be explained by the proposed mechanism in Fig. 4 together with the following two chemical equations: Fig. 1) , with the laser-welded sample being more susceptible to hydrogen embrittlement than the asreceived sample.
Conclusions:
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In this study, the corrosion fatigue behaviour of NiTi wire and its weldment in Hanks' solution at 37.5 o C was carefully compared and analysed. The following conclusions were reached:
1. Laser-welded NiTi wire tested in Hanks' solution showed a notable reduction in fatigue life;
2. Reduction of fatigue life is attributed to the damage associated with hydrogen embrittlement;
3. Change of polarization resistance of oxide films during the corrosion fatigue tests is primarily attributed to the change of oxide composition as a consequence of film rupture and repassivation;
4. Fatigue fracture occurred in the weld zone (WZ) of the laser-welded NiTi. 
